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EMITTANCE EVOLUTION OF THE DRIVE ELECTRON BEAM IN A 
HELICAL UNDULATOR FOR THE ILC POSITRON SOURCE * 

 M. Borland, A. Xiao, and Kwang-Je Kim, ANL, Argonne, I

bstract 
The effect of the ILC positron source’s helical 

undulator on the drive electron beam is of great interest. 
People have been looking into the effects of wakefields, 
quad misalignment and radiation damage.  In this paper 
we report an emittance damping effect of the ILC positron 
source undulator on the drive electron beam and our 
QUAD-BPM error simulation results.  For a 100m RDR 
undulator, the emittance of the drive electron beam will 
be damped by about 1% instead of growing because the 
damping is stronger than the quantum excitation for this 
RDR undulator configuration with the RDR drive electron 
beam.  Quad-BPM misalignment simulations show that a 
20μm rms misalignment error in a 250m long undulator 
beamline can cause about 5% emittance growth in the 
drive electron beam. Taking into consideration the 
damping effect of the und

 

INTRODUCTION 
There are many aspects of the ILC positron source 

undulator which will affect the emittance evolution of the 
drive electron beam passing through the undulator.  
There have been numerous reports on this issue.  Duncan 
Scott and James Jones studied the effect of transverse 
resistive wall wakefields from the undulator beam tube 
and beam optics effects [1].   They found that the kick 
from wakefields is very small and that the emittance 
growth is due to the optics.  Their study shows that a 
10μm resolution in the BPM-Quads will result in ~8% 
emittance growth in the vertical plane.   Kiyoshi Kubo 
from KEK has reported the effects of BPM-Quad 
misalignment and the synchrotron radiation from the 
undulator [2].  He found that the effect of undulator 
radiation and QUAD-BPM mi

ittance growth can be tolerated.  
 We performed numerical simulations on the effect of 

radiation from a helical undulator using the ELEGANT 
code [3] and found that there is a damping of the 
normalized emittance of the drive electron beam caused 
by the radiation from the helical undulator.  We also did 
QUAD-BPM error simulations using elegant and our 

ree with the results of  the previous study

NUMERICAL SIMULATION  
Simulations were done using ELEGANT[3], a particle 

tracking code, of undulators with the parameter sets listed 
in table 1.  The drive beam energy is 150GeV as in the 

ILC baseline.  The normalized emittance of the drive 
electron beam is 10 mm-mrad in x (horizontal) and 0.04 
mm-mrad in y (vertical).  With the assumption of 12.5m 
quad spacing and a 72.6 degree FODO array, the βmax for 
the undulator input will be 41 m. The initial beam spot

ze and divergence can be estimated as: σx=3.7x10-5 m
=2.4x10-6 m, σ ’=0.9x10-6 rad and σ ’=0.06x10-6 rad.   y

T tor  in our s

 K λu(cm
UK1 0.92 1.15 
UK2 0.79 1.1 
UK3 0.64 1.05 
CO1 0.42 1.0 
CO2 0.72 1.2 
CO3 0.3 0.7 

Results with on-axis injection 
For a 100m undulator with no FODO optics and no 

resul
able 2 mu r 10 r. 

) /εny (%)  (%) 

energy spread in the drive beam, the ELEGANT simulation 
ts are given in Table 2. 

T .  ELEGANT si lation result fo 0m undulato

  Δε /ε  (%nx nx Δεny ΔE/E
UK1 -1.37464 -1.06 -1.3756 
UK2 -1.10608 -0.912 -1.112 
UK3 -0.79802 -0.679 -0.804 
CO1 
C

-0.38277 -0.395 -0.383 
O2 -0.77138 -0.652 -0.789 

CO3 -0.39768 -0.382 -0.399 
As shown in table 2, the normalized emittance of the 

drive electron beam is damped as a result of radiation in 
amping is roughly 
s. 

nter. 

Table EGANT m esult DR 
ba r with ection 

the undulators. The rate of d
proportional to the rate of energy los

Results with off-axis injection 
Simulations with beam passing through a 100m RDR 

baseline undulator with no FODO lattice or other optics 
were done to study the effect of jitter of the beam ce
No initial energy spread is present in the injected drive 
electron beam.  The results are presented in Table 3. 

 3.  EL  si ulation r
 off-axis inj

 for 100m R
seline undulato

Offset Δεnx/εnx (%) Δεn ) y/εny (%
0,10μm,50μm -1.37 -1.06 

 ___________________________________________  
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1mm in x -1.59 -1.13 



 

1mm in y -1.59 -1.14 
As shown in Table 3, for offsets smaller than 50 

microns, there is no noticeable effect on the emittance 
evolution.  When the offset is 1mm, the damping in both 

 sees a 
energy 

Tab GANT s lts for RDR b e 
undu ifferent un ths. 

Length of 
u

Δεn ) Δεn ) 

x and y direction increases because the beam now
stronger magnetic field and is thus losing more 
due to radiation. 

Results with increasing undulator length  
le 4.  ELE imulation resu aselin
lator at d dulator leng

ndulator 
x/εnx (% y/εny (%

~100m -1.36 -1.11 
~200m -2.66 -0.65 
~300m -3.91 1.73 

Shown in Table 4 is the emittance evolution of the 
drive e- beam after passing through the RDR undulator 
without FODO lattice or any other optics.  In this set of 
simulations, the input drive e- beam has an rms energy 
spread of 750MeV.  As shown in the table, the emittance 
in the horizontal plane continues damping down while the 
undulator length is increased from 100m to 300m.  For 
the vertical plane however, the emittance damped about 

ed only by 
r 300m of 

e next section. 

Results with increasing length of RDR 
undulator and FODO lattice 

by 1.11% after 100m. After 200m it had damp
about 0.65% and it had grown by 1.73% afte
undulator.  We will explain this in th

 
Figure 1. Emittance growth in the undulator with K=0.92, 
λ=1.15cm and FODO lattices. 

Shown in Figure 1 is the emittance growth in an 
undulator with RDR parameters.  The beamline has a 
quad every 12.4m.  The thickness of the quad is assumed 
to be 0.1m.  An undulator section about 12m long with 
K=0.92, λ=1.15cm is inserted in between the quads.  The 
FODO lattice has a 90 degree phase advance in the y 
plane and 70 degrees in the x plane.   Unlike the results in 
Table 4, the emitt damping with the 
in

o
helical undulator as: 

ance continues 
crease of the total length of the undulator. 

ANALYSIS  
With some approximations, we can obtain the change

f emittance after an electron beam passing through
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where maxω is the cutoff frequency of the first harmonic, 
L  is the length of the undulator, ΔE is the energy lost in 
the undulator, and E is the energy of injected beam. Using 
equation (1), a simple calculation shows that for a 100m 
long RDR undulator, the damping/excitation ratios are 3 
in vertical and 600 in horizontal.  If the undulator length 
increases, this ratio will continue to decrease and 

rewrite equation (1) as  

eventually reach equilibrium. The emittance will then 
remain at its equilibrium value determined by the 
undulator parameters. 
In order to determine the equilibrium of emittance, we 

]
1(2
4)

3
([ 2

2

0
0nn K

c
EE λ

πγ
γβ

βεε
+⋅

++−=Δ
h

 
) u

(2) 

1|| 2 KLEΔ

When L<<β, this can be further simplified to 

]
)1(2

4[||~ 2
0

0
u

nn Km
cK

E
E

λ
πβεε

+
+−

Δ
=Δ

h
  (3) 

from which we observe that the excitation term is fixed 
and only determined by the undulator parameters and beta 
function of the beam.  When the normalized emittance of 
beam is larger than this term, the emittance will be 
damped until it is equal to this term.  If the emittance is 
smaller than this term, then the emittance will grow until 
it is equal to this term.  The value of this term is the 
approximate equilibrium emittance of the corresponding 
helical undulator.    

 From equation (3), the approximate equilibrium 
emittance of the RDR undulator can be obtained as about 
4x10-9m-rad which is about 10% of the emittance of the 
injected e- beam.   

Now consider the results shown in Table 4.  As 
discussed above, the emittance should continue damping 
or growing until it reaches equilibrium and the 
equilibrium of the RDR undulator is about 10% of the 
injected beam.    In that case, why did the emittance grow 
in the vertical plane after the 300m long undulator in 
Table 4?  Because in that simulation the undulator is 
inserted as a single unit.  There are no FODO optics and 
the beam spot size will keep growing so the beam will see 
a bigger and bigger spread in the undulator field and thus 
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SUMMARY 
 For the 100m emittance of the 

m
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e the emittance growth.  In a real undulator, 
0.35

0.4
DO lattice will maintain the beam spot size and thus 

the emittance will keep damping until it reaches 
equilibrium.  The results in Figure 1 also confirm this. 

QUA BD- PM ERROR SIMULATIO
udy the effect of Quad-BPM misalignment in t
r, we performed

nly.  The conditions are as follows:
Beamline: 

– Quad magnet every 12.4 meters, 
thickness of the quad is assumed to be 
10cm.   

– 70 degrees phase advance in the 
horizontal plane and 90 degre
advance in vertical plane is assumed. 

– 10 FOD
beamlin

 Quad-BPM misalignment dy in vertical plane 
– The σ of dy: 5μm -- 100 μm 
– 50 random seeds used wh

errors. 
Beam injected: 

– emittance:  4x10-8m-rad in vertical, 
10x10-6m-rad in horizontal, well 
matched with the lattice. 

– Energy: 150GeV, rms energy spread 
0.5%. 

The beta function of the beamline is given in Figure 2.  
In the horizontal plane, βmax is about 45m and βmin is 
about 13m.   In the vertical plane, βmax is abo

s about 10m.  Using the beta functions show
re 2, we calculated the phase advance in both the
cal and horizontal planes. The phase adva
ned from the simulation is 90 degrees in the vert

nd 70 degrees in the horizontal plane.  

 
Figure 2. Beta function of beamline 

hown in Figure 3, the emittance growth due t
energy spread is small. 

gure 4.  Emittance growth in the vertical plane due to 
Quad-BPM errors. 

The emittance growth in the plane caused by Quad-
BPM errors is very small.  The emittance growth in the 
vertical plane is shown in Figure 4.   For the results 
shown in Figure 4, we have used 50 random seeds for the 
Quad-BPM errors.  A 20μm rms misalignment error in 
this 250m undulator beam line will cause about 5% 
emittance growth in the vertical plane. 

RDR undulator, the 
 will be damped by aboudrive electron bea t 1% instead 

of growing as the damping is stronger than the quantum 
excitation for this RDR undulator with the RDR drive 
electron beam.       

Quad-BPM misalignment will cause the emittance to 
grow.  A 20μm rms misalignment error in a 250m long 
undulator beamline can cause about 5% emittance growth 
in the drive electron beam.  Taking into consideration the 
damping effect of the undulator, the net emittance growth 
will be smaller. 
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Figure 3.  Emittance growth due to energy spread only 
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